A nanocomposite containing amine functionalized multiwalled carbon nanotubes and a room temperature ionic liquid (1-butyl-3-methylimidazolium tetrafluoroborate) was prepared and applied for glucose oxidase (GOx) immobilization on glassy carbon electrode. The proposed nanocomposite provided a favorable microenvironment to preserve the bioactivity of GOx. It could also effectively facilitate the enzyme direct electron transfer to the electrode. This brought about a remarkable improvement in the sensitivity of the glucose biosensor. Under the optimum experimental conditions, the formal potential of GOx was about −467.5 mV. Moreover, the sensitivity and response time of the biosensor toward glucose were 1277 μA mM −1 cm −2 and 6 s, respectively. The biosensor provided a linear dynamic response between 0.1 and 43 μM with a very low detection limit of 63 nM. Also, the values for apparent Michaelis-Menten constant and maximum current were obtained as 18 μM and 2.7 μA, respectively.
Introduction
Nanoscale materials have been considerably contributing to biosensor design in recent years. Carbon nanotubes (CNTs) as an example of nanoscale material are broadly used for the fabrication of electrochemical biosensor owing to their outstanding properties [1] . Wang and Musameh [2] reported the first CNTs/enzyme electrodes for glucose and ethanol by incorporating glucose oxidase (GOx) and alcohol dehydrogenase within a three-dimensional CNTs/Teflon matrix. The electrocatalytic properties of CNTs and their ability to promote direct electron transfer between redox proteins and electrode surface were explained by Compton's group [3] .
Room temperature ionic liquids (RTILs) are a new class of nonaqueous solvent that consist of an organic cation and either an organic or an inorganic anion. They have unique characteristics such as high conductivity, nonvolatile nature, low toxicity, large electrochemical window, strong electrostatic field, and good electrochemical stability [4] . Because of special properties of RTILs, their applications are increasing in different fields [5] especially for improvement in enzyme electron transfer rate and stability [4, 6, 7] .
By combination of CNTs and RTILs, attractive nanocomposites could be obtained which are useful for the study of protein direct electrochemistry [8] [9] [10] . These nanocomposites show high sensitivity and good biocompatibility. Different methods have been developed for fabricating CNTs/ RTILs nanocomposite-based biosensors including electrode modification by RTIL/CNTs/polymer, layer-by-layer selfassembly, CNTs/RTIL pastes, or dispersion of RTIL/CNTs [8] .
So far, different types of CNTs/RTIL/GOx nanocomposites have been used for the development of glucose biosensors [11] [12] [13] ; nevertheless, in the present study we designed a new nanocomposite based on the amine functionalized MWCNTs (NH 2 -MWCNTs). This nanocomposite consists of a typical RTIL, NH 2 -MWCNTs, and GOx. The proposed nanocomposite not only provided a favorable microenvironment to preserve the bioactivity of GOx but also could effectively facilitate the enzyme direct electron transfer to the electrode. The fast and easy electron transfer brought about a remarkable improvement in sensitivity of the biosensor toward glucose. . β-D-glucose solutions were stand overnight to allow equilibration of the monomers. All solutions were prepared in double-distilled deionized water. Electrochemical studies were carried out using an electrochemical system (EG&G model 263A potentiostat/galvanostat) controlled by a PowerSuite software package and a GPIB interface. All electrochemical studies were carried out using a conventional three-electrode cell. It was equipped with a modified glassy carbon (GC) electrode (bare or modified with nanocomposites film, from Azar Electrode, Uromia, Iran), a saturated Ag/AgCl (3 M KCl solution) reference electrode (from Metrohm), and a platinum wire counter electrode. Field emission scanning electron microscopic (FESEM) images were obtained using an FESEM model S4160, Hitachi, Japan. Electrochemical impedance measurements were carried out on a PGSTAT30/FRA2 system (Autolab, Netherlands) in 2 mM K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] and the frequency range from 10 −2 to 10 5 Hz.
Experimental

Immobilization of Enzyme.
The GC electrode (2 mm in diameter) was first polished mechanically with 0.3 and 0.05 μ alumina slurry, respectively, and sonicated in water and ethanol, successively. MWCNTs were amine functionalized based on the method described in our previous work [14] . For GOx immobilization, first 1 mg of NH 2 -MWCNTs was dispersed in 1 mL of dimethylformamide using an ultrasonic bath to give a black suspension. Then, 2.5 μL of the suspension was transferred onto the cleaned GC electrode and dried in air. The NH 2 -MWCNT/GC electrode was immersed in pure [BMIM]BF 4 solution for 10 hrs at 4
• C to adsorb a layer of RTIL. At this time, a 6 mg/mL solution of GOx was prepared in phosphate buffer solution (PBS), 0.1 M, pH 7.0. Finally, the modified electrode was immersed in GOx solution for 10 hrs at 4
• C. Thereafter, the modified electrode (denoted as GOx/RTIL/NH 2 -MWCNT/GC) was rinsed with PBS and stored at 4
• C when not in use.
Results and Discussion
Characterization of Immobilized Enzyme on Modified
Electrode. Figure 1 shows the FESEM images of (a) NH 2 -MWCNTs/GC, (b) RTIL/NH 2 -MWCNTs/GC, and (c) GOx/ RTIL/NH 2 -MWCNTs/GC modified electrodes. Figure 1 (a) represents the image of NH 2 -MWCNTs as bundles, which are entangled with one another. A mass of RTIL are embedded into the gaps of the formed NH 2 -MWCNTs network structure (Figure 1(b) ). These FESEM images are similar to those obtained by previous workers for MWCNTs/GC and RTIL/MWCNTs/GC electrodes [9] . Figure 1(c) shows the image of the RTIL/NH 2 -MWCNT/GC electrode after addition of GOx solution and rinsing the uninteracted materials. Therefore, as shown, the bundles were untangled and uniformly covered the surface of GC electrode. This could be an evidence for successful enzyme immobilization. The electrochemical impedance spectroscopy can provide useful information on the interfacial changes at the electrode surfaces during the fabrication process. In order to illustrate the role of RTIL/NH 2 -MWCNTs nanocomposite in electron transferring of GOx, the Nyquist plots for different modified electrodes were recorded ( Figure 2 ). Before GOx immobilization, the bare GC (curve a), NH 2 -MWCNTs/GC (curve b), and RTIL/NH 2 -MWCNTs/GC (curve c) electrodes showed no resistance. But, in the presence of GOx, due to hindered pathway of electron transfer, the resistance increased as expected for protein immobilized layer. As shown in Figure 2 , the interfacial resistance of the GOx/RTIL/NH 2 -MWCNTs/GC electrode was ∼1000 Ω (curve d), while the resistance value of GOx/GC electrode increased to ∼5000 Ω (curve e). This result indicates that the RTIL/NH 2 -MWCNTs nanocomposite accelerates the electron transfer between GOx active site and the GC electrode surface.
Electrochemical Behavior of GOx on RTIL/NH 2 -MWCNT/GC.
To consider the electrochemical behavior of GOx immobilized on RTIL/NH 2 -MWCNTs nanocomposite, cyclic voltammetry was used. Figure 3 shows the cyclic voltammograms (CVs) of different electrodes in 0.1 M N 2 -saturated PBS, pH 7.0 at the scan rate of 0.1 V/s. As seen at the GOx/GC electrode (curve a), no obvious electrochemical redox peak is observed. It is well known that flavin adenine dinucleotide (FAD) is deeply embedded in a protective protein shell, which makes the direct electron communication with electrodes extremely difficult. Also, the NH 2 -MWCNT/GC electrode (curve b) and RTIL/NH 2 -MWCNT/GC electrode (curve c) did not show any response because they contain no electroactive species. But when GOx was immobilized on the NH 2 -MWCNT/GC electrode regarding the role of CNTs in facilitating the electron transfer process between the enzyme and electrode surface, a couple of broad redox peaks emerged (curve d). The peaks could be attributed to the FAD/FADH 2 redox couple located in the protein shell. The observed redox response coincided with previously reported CVs for GOx immobilized on CNTs [15, 16] . However, the GOx/RTIL/NH 2 -MWCNT/GC electrode exhibited a well-defined couple of anodic peaks at −440 and cathodic peak at −495 mV (versus Ag/AgCl). The formal potential (E o ) for GOx modified electrode as a mean value of anodic (E pa ) and cathodic (E pc ) peak potentials was calculated to be −467.5 mV (versus Ag/AgCl). The peak-to-peak separation, ΔE p , was measured to be 60 mV, indicating a fast electron transfer reaction. This is the sign that the RTIL/NH 2 -MWCNT nanocomposite is able to provide a microenvironment and also to establish an excellent electronic communication between GOx and GC electrode (curve e). Wu et al. [17] have investigated the effect of RTILs as electrolyte on the conformation and electrocatalytic activity of GOx. Their experimental results indicated that [BMIM]BF 4 did not affect on GOx conformation, but the enzyme electrocatalytic current decreased in the presence of RTIL. In the present work, combination of the RTIL and NH 2 -MWCNT produced a biocompatible nanocomposite by which not only the electrocatalytic activity of GOx did not reduce but also it showed a nearly symmetric redox peak (curve e). As reported previously [9, 10] , MWCNTs interact with RTILs through π-π, π-cationic (the positively charged imidazolium ions) and/or hydrophobic-hydrophobic interactions. In addition, according to Wei et al. [9] , RTIL can bind to protein through ionic interaction. As known, at pH 7.0 the net charge of GOx is negative, and therefore, the anionic functional groups of GOx may show affinity to both the NH 2 groups of MWCNTs and the positively charged imidazolium ions of RTIL. Consequently, it seems that these ionic interactions are helpful for adsorption of GOx on the RTIL/NH 2 -MWCNTs nanocomposite. Moreover, the nanocomposite led to a relatively fast electronic communication between the enzyme and the modified electrode as shown by curve e. Figure 4 represents the CVs of GOx/RTIL/NH 2 -MWCNTs/GC electrode in N 2 -saturated PBS at different scan rates. Both the anodic and cathodic peak currents of GOx are linearly proportional to the scan rate (Figure 4(a) ). This suggests that the electrode reaction corresponds to a typical surface-controlled electrochemical process as expected for immobilized systems. The linear regression equation for cathodic (I pc ) and anodic (I pa ) peak currents are I pc = 0.036 log ν + 0.3834 (mV s −1 , r 2 = 0.9998) and I pa = −0.0327 log ν − 0.0908 (mV s −1 , r 2 = 0.9991), respectively. The ratio of I pc /I pa was found to be close to the theoretical value of one, as expected for thin-layer electrochemical behavior [18] .
As specified by the plot of E p = f (log ν) (Figure 4(b) ) at scan rates below 500 mV s −1 , the peak separations are almost independent of the potential scan rate indicating a facile charge transfer kinetic over the range of applied sweep rate. But at scan rates above 750 mV s −1 , the peak separations begin to increase, indicating the limitation arising from charge transfer kinetics. The kinetic parameters of charge transfer coefficient (α) and apparent charge transfer rate constant (k s ) were calculated using Laviron's equation [19] log k s = α log(
α can be calculated using the plot of peak potentials (E p ) versus logarithm of scan rate (log ν). At scan rates above 750 mV s −1 , both E pc and E pa depend linearly on log ν. The graph of E p = f (log ν) yields two straight lines with slopes of −2.3RT/αnF and 2.3RT/(1 − α)nF for the cathodic and anodic peaks, respectively, where n is the number of electron and R, T, and F have their usual meanings (R = 8.314 J mol
. Following these equations, the charge transfer coefficient (α) and the apparent charge transfer rate constant (k s ) for GOx on nanocomposite layer can be calculated to be 0.49 and 2.35 s −1 , respectively. Based on the slope of peak current versus scan rate (Figure 4(a) ) and (2), the surface concentration of electroactive proteins on nanocomposite layer (Γ c ) was estimated as 2.7 × 10 −10 mol cm −2 . These values are comparable to those reported in the literature [11] 
where n, F, and A represent the electron transfer number, the Faraday's constant, and the electrode area, respectively [20] . The operational stability of immobilized GOx on RTIL/NH 2 -MWCNTs/GC electrode was evaluated by cyclic voltammetry. The current of redox peak decreased 10% after 90 cycles at the scan rate of 0.1 V/s. The biocompatibility of RTIL/NH 2 -MWCNTs also was considered as the ability of nanocomposite to preserve the GOx storage stability. By storing the prepared enzyme electrode in PBS at 4
• C for a period of 10 days, 7% of the current response was lost.
pH Effect.
To control the effect of pH on the electrochemical behavior of immobilized GOx, a series of experiments were carried out. Figure 5 shows peak currents of the electrode in N 2 -saturated PBS at various pH ranging from 6.2 to 8.2. By increasing the pH, a negative shift was observed in both the reduction and oxidation peak potentials. As illustrated in Figure 5 (a), the cathodic peak current increased with the pH change from 6.2 to 7.0, then it decreased up to pH 8.2. According to this plot, pH 7.0 was chosen as the optimal pH for next experiments. As seen in Figure 5(b) , within the pH range from 6.2 to 8.2, the slope of E o versus pH is 61.7 mV/pH with the regression equation of y = −0.061 pH −0.038. This slope is close to the theoretical value of 0.059 V/pH, as expected for a reversible 2-proton and 2-electron transfer process at 25
• C.
Catalytic Activity of Immobilized GOx.
The electrocatalytic activity of GOx on RTIL/NH 2 -MWCNTs/GC electrode toward glucose was also studied. Figure 6 shows the CVs of the electrode in O 2 -saturated PBS containing various concentration of glucose. As known, the electrochemical characteristics of GOx modified electrodes are influenced by oxygen [21] . In oxygenated PBS and in the absence of glucose, the enzyme prosthetic group (FAD) is in oxidized form [21, 22] . Therefore, comparing with Figure 3 (e), the oxidation peak height is decreased, while the cathodic peak height is increased. Oxygen molecules can also be reduced at RTIL/NH 2 -MWCNTs/GC electrode in the same potential window as FAD. Therefore, it seems that both reduction processes of FAD prosthetic group and molecular oxygen contribute to the cathodic peak of Figure 6 (solid curve). By addition of glucose to the PBS, the cathodic peak current height is decreased. As shown in reactions 1 and 2, glucose as the substrate of GOx plays a bifunctional role in decreasing the cathodic peak. By changing the FAD into FADH 2 , the FAD (oxidized form) concentration is lessened, and the dissolved oxygen at the electrode surface is also consumed
GOx (FAD)+Glucose −→ GOx (FADH 2 )+Gluconolactone.
According to these results, it is obvious that the RTIL/NH 2 -MWCNTs nanocomposite film not only makes an intimate electronic relationship between enzyme and electrode but also could preserve the electrocatalytic activity of GOx towards glucose oxidation.
Amperometric Detection of Glucose.
To consider the role of ionic liquid in the biosensor efficiency, two modified enzyme electrodes (A and B) were developed, and their analytical parameters were compared. The composition of electrode A was GOx/RTIL/NH 2 -MWCNTs/GC and that of B was GOx/NH 2 -MWCNTs/GC. Figure 7 illustrates the current time plots of the electrodes at a detection potential of −510 mV (versus Ag/AgCl) on successive addition of glucose concentrations. The response time (the time during which the electrode current response reaches to a steady state) for the electrodes A and B were 6 and 10 s, respectively. Comparison of these values obviously reveals the role of RTIL in electrode response time enhancement. Interestingly, the amperometric response at each glucose addition step for electrode A is higher than that for the electrode B. Also, the calibration curves of both electrodes are shown in the insets of Figure 7 . The analytical parameters extracted from the calibration curves were listed in last two rows of (414 μA mM −1 cm −2 ) for electrode B. These values are much higher than those reported in the literature (Table 1) . At a signal-to-noise ratio of 3 (S/N = 3), the detection limits were estimated to be 63 and 393 nM for electrodes A and B, respectively. These values were lower than the values obtained with the GOx/CHIT/IL/GNPs (1.5 μM) [23] , the GOx/IL/GNP/IL/SWNTs (0.8 μM) [11] , and the GOx/MWCNTs/PSS/Au-IL (25 μM) [12] (The abbreviations used here are as follows: CHIT: chitosan, GNPs: gold nano particles, SWNTs: single-walled carbon nanotubes, and PSS: poly[sodium 4-styrene-sulfonate]). The results depicted in Table 1 showed that the analytical parameters such as detection limit, sensitivity, and k s were improved by the present research. Also, comparison of the electrode (A and B) responses revealed that the RTIL could enhance the sensitivity and detection limit by 3 and 7 folds, respectively.
The relationship between catalytic current and the concentration of glucose was considered based on the electrochemical version of Michaelis-Menten plot. The enzyme kinetic parameters of apparent Michaelis-Menten constant (K ap m ) and maximum current (I max ) measured under substrate saturated concentration can be calculated based on Lineweaver-Burk (5) [24] 1 I ss [11, 23, 25, 26] . Such a low K ap m value could be the sign of higher biological affinity of the biosensor to glucose. Also, comparison of the electrode responses revealed that the RTIL could enhance the K ap m value for the electrode A ( Table 1) .
The reproducibility at 10 μM glucose concentration was examined between three different electrodes, and the relative standard deviation was calculated to be 3.4 and 6.3% for electrode A and B, respectively.
Conclusion
The results obtained in present research showed that the nanocomposite of RTIL/NH 2 -MWCNTs/GC could prepare a biocompatible microenvironment to immobilize GOx on modified GC electrode and maintain its activity while facilitate the direct electron transfer between enzyme and electrode surface. The prepared electrode, relative to the similar electrodes reported in the literature, exhibited an extra biocatalytic activity toward glucose with high sensitivity, 
